PURPOSE. We compared the retinal thickness (RT) and choroidal thickness (ChT) between the fellow eyes of nonamblyopic myopic anisometropes.
T he ocular response to manipulation of the visual environment in various animal species suggests that retinal image quality influences eye growth and refractive error development. Previous research, in which myopic or hyperopic defocus has been imposed using spectacle or contact lenses, has shown that various animal species rapidly modulate choroidal thickness (ChT) to adjust the position of the retina (axial length [AXL] ) to optimize image quality. [1] [2] [3] [4] [5] In animal models of refractive error development, initial changes in choroidal thickness are followed by longer term changes in AXL due to scleral remodeling. Recently, compensatory changes and alterations in the normal diurnal rhythms of ChT and AXL also have been observed in human subjects in response to imposed defocus. 6, 7 These studies suggest that the choroid may have a role in human eye growth and refractive error development.
In humans, recent studies have established that ChT is influenced by a number of variables, including the time of day, 8, 9 retinal location, 10, 11 and age, 11, 12 while the influence of ethnicity is less clear. 13, 14 Retinal thickness (RT) also is influenced by the same variables (diurnal variation, 15 retinal location, 16 and age 17, 18 ); however, different ethnic groups exhibit varying retinal thickness profiles primarily relating to foveal pit morphology. 19, 20 Refractive error and AXL also influence RT and ChT. Central (foveal) RT typically increases with increasing AXL and myopia, 21, 22 whereas the distribution of peripapillary retinal nerve fiber layer (RNFL) thickness varies with increasing myopia (generally a thinning in the RNFL). 23, 24 Conversely, subfoveal ChT is correlated negatively with AXL, decreasing with increasing levels of myopia. [25] [26] [27] The majority of these studies 8, [10] [11] [12] [13] [14] [15] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] have used optical coherence tomography (OCT), an imaging technique that allows high resolution, in vivo visualization of the retina and choroid.
Anisometropia is a condition characterized by a difference in the refractive error between fellow eyes, typically due to an interocular difference in AXLs, 28 in particular the vitreous chamber depth (VCD). 29 It may be used as an experimental paradigm in refractive error research, since comparing the fellow eyes of the same anisometropic subject allows for control of potential confounding intersubject variables (e.g., age, sex) and improved sensitivity in detecting a difference in the variable of interest with respect to refractive error or AXL. A number of studies have examined the interocular symmetry of RT in amblyopic anisometropes, with conflicting results. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] However, to our knowledge only two studies have reported on between eye differences in nonamblyopic anisometropes, with comparisons limited to the macula 30 or RNFL surrounding the optic nerve head. 30, 40 To date, ChT in myopic anisometropia has not been investigated in detail to our knowledge. Given the potential role or association of the choroid in the regulation of refractive state and emmetropization in humans, it is of interest to examine the interocular symmetry of ChT in anisometropic eyes. Animal models of refractive error development often impose unilateral hyperopic defocus (i.e., an anisometropic Copyright 2013 The Association for Research in Vision and Ophthalmology, Inc. www.iovs.org j ISSN: 1552-5783 stimulus), which results in an ocular response involving choroidal thinning, axial elongation, and the development of myopia in the experimental eye, proportional to the magnitude of imposed blur. Consequently, we wanted to determine whether such interocular asymmetries in ChT also were evident in human eyes with myopic anisometropia. In this experiment, we examined the RT and ChT in the more and less myopic eyes of nonamblyopic myopic anisometropes using high-resolution spectral domain optical coherence tomography (SD-OCT).
METHODS Participants
We recruited total of 22 healthy adults (mean age 23 6 5 years, 4 male and female) from the staff and students of Queensland University of Technology, Brisbane, Australia (QUT). The subjects had varied ethnic backgrounds, including East Asian (n ¼ 11), Caucasian (n ¼ 10), and Indian (n ¼ 1). All subjects were nonamblyopic myopic anisometropes (minimum difference of 1.00 diopters [D] spherical-equivalent refraction [SER] between eyes) with best corrected visual acuity of 0.00 LogMAR or better in each eye, and an interocular difference in visual acuity of less than 0.10 LogMAR.
Screening
Before testing, subjects underwent a screening examination to determine subjective refraction, binocular vision, and ocular health status. All subjects were free of ocular and systemic disease, and had no history of ocular surgery or trauma. We included 15 soft contact lens wearers, but contact lens wear was ceased for 24 hours before participation. Rigid contact lens wearers were not included. Approval from the QUT Human Research Ethics Committee was obtained before commencement of the study and subjects gave written informed consent to participate. All subjects were treated in accordance with the tenets of the declaration of Helsinki.
Data Collection Procedures
Ocular biometrics were measured using a noncontact optical biometer (Lenstar LS 900; Haag Streit AG, Koeniz, Switzerland). This instrument is based on the principle of low coherence reflectometry and provides precise results 42 for a range of axial biometric parameters, including central corneal thickness (CCT), anterior chamber depth (ACD), lens thickness (LT), and AXL (distance from the anterior cornea to the Retinal Pigment Epithelium [RPE] ). The VCD also can be calculated using the Lenstar (Lenstar LS 900; Haag Streit AG) data. Five repeated biometric measurements were performed on each eye of all subjects.
Since AXL measurements may be influenced by accommodation, 43, 44 we used a Badal system (þ12 D lens) viewed through a beamsplitter to ensure biometric measurements were captured during relaxed accommodation. The fixation target consisted of a back illuminated high-contrast target (n8 print, luminance 237 cd/m 2 ). Astigmatic refractive errors greater than 0.5 D were corrected using an auxiliary cylindrical lens placed between the Badal lens and the moveable target, correcting for vertex distance. Before measurements were performed, care was taken to align a letter from the target (viewed through the beamsplitter) to be coincident with the instrument's measurement beam. The target distance was altered to correct for the spherical ametropia and subjects were instructed to keep the target in sharp focus throughout the measurement procedures. The fellow eye was occluded.
Cross-sectional chorioretinal images of both eyes of each subject were obtained using a SD-OCT instrument (Copernicus SOCT-HR; Optopol Technology SA, Zawiercie, Poland). We used the ''animation'' scan; with each OCT measurement consisting of a 5 mm horizontal line scan (visual angle of approximately 16.38) comprising of 50 B-scans (with each Bscan consisting of 1200 A-scans) centered on the fovea. The ''chorioretinal'' scanning mode was selected, which focuses the scan more posteriorly to improve choroidal imaging. Four OCT measurements were captured for each eye. The instrument (Copernicus SOCT-HR; Optopol Technology SA) was realigned and refocused between each measurement, and the internal fixation target was adjusted to compensate for the spherical equivalent refraction of each eye. Only OCT measurements with a quality index of greater than 4 were included for analysis (mean quality index of included scans 6.50 6 1.22).
Data Analysis
Ocular biometric data obtained from the Lenstar (Lenstar LS 900, Haag Streit AG; CCT, ACD, LT, and AXL) were averaged for the more and less myopic eye of each subject. VCD was calculated as AXL À (CCT þACD þ LT). Since three subjects did not exhibit a consistent visible peak from the posterior crystalline lens surface in the Lenstar A-scan output, the results presented for LT and VCD are for 19 subjects.
Custom written software was used to improve the signal-tonoise ratio of each OCT image using a technique described previously. 15, 45 This technique involves the registration and alignment of the 50 individual B-scans from each OCT measurement followed by the removal of outliers. The final averaged OCT image has significantly reduced speckle noise, which increases the visibility of the retinal layers and choroid. Of the four images captured for each eye, the single averaged image that gave the best visualization of the choroidal-scleral interface for each eye of each subject was selected for analysis.
Two independent, experienced observers, who were masked to the refractive error of each eye, performed the image analysis to determine RT and ChT using a manual procedure. Each observer selected a number of points along a series of defined boundaries (16 points for the outer boundary of the RPE, 16 points for the inner boundary of the inner limiting membrane [ILM] , and 16 points for the boundary of the choroidal-scleral interface) within each average OCT image. The software then fits a smooth function (spline fit) along each of the boundaries (Fig. 1) . Based on this manual segmentation, values were obtained for RT (ILM to RPE) and ChT (RPE to choroid). Each observer also placed a vertical reference line on each average OCT image to mark the center of the fovea. The reference line was positioned to dissect the deepest point in the center of the foveal pit that coincided with the peak in the inner/outer segment junction of the photoreceptors. This foveal line position was used as a reference point to average and compare RT and ChT data between the two observers. Measures of foveal pit morphology (depth and diameter) also were calculated. 46 Given that the transverse resolution of OCT images can be influenced by changes in the AXL of the eye, 47 we used the AXL measurements obtained with the Lenstar (Lenstar LS 900; Haag Streit AG) to adjust the transverse scale of the scans, using the approach outlined by Wagner-Schuman et al. 20 after calculating the reference AXL of the Copernicus SOCT-HR (Optopol Technology SA). Although it is known that the transverse scan length of the Cirrus high definition OCT (HD-OCT; Carl Zeiss Meditec, Dublin, CA) is calibrated to a model eye with an AXL of 24.46 mm, 20, 47 to our knowledge there is no published value for the assumed AXL of the model eye used by the Copernicus SOCT-HR (Optopol Technology SA) for calibration of scan length. To determine the assumed AXL of the Copernicus SOCT-HR (Optopol Technology SA), we conducted a pilot study that included 20 healthy young adults with a wide range of refractive errors (and AXL ranging from 21.76-26.50 mm). For each subject, the transverse distance between common features in OCT images (e.g., retinal blood vessels) from the Copernicus SOCT-HR (Optopol Technology SA) and the Cirrus HD-OCT (Carl Zeiss Meditec), were compared. The distance between retinal features from the two instruments correlated closely (r ¼ 0.99, slope ¼ 1.03), however the mean transverse between feature distance was significantly shorter (P < 0.001) in the Copernicus SOCT-HR (Optopol Technology SA) images compared to the Cirrus HD-OCT (Carl Zeiss Meditec) by 0.035 6 0.03 mm. Assuming that the difference in retinal feature distance between the two instruments is related solely to differences in the instrument calibration for AXL, this 0.035 mm difference corresponds to an assumed AXL used by the Copernicus SOCT-HR (Optopol Technology SA) instrument of 24.00 mm.
The RT and ChT values obtained by each observer were averaged at 0.25 mm intervals up to 2.50 mm nasal and temporal to the fovea for each eye. However, since the RPE or choroidal-scleral interface was indistinguishable in some subjects at the extreme periphery of the OCT image (2.50 mm nasal and temporal from the fovea) the data presented only extends up to 2.25 mm eccentricity (i.e., a 4.5 mm horizontal scan or visual angle of approximately 14.68). The mean interobserver correlation was calculated for measures of RT and ChT at each 0.25 mm interval. To provide an estimate of the intraobserver repeatability of the RT and ChT measurements obtained from the averaged OCT images, additional analysis was conducted using a similar approach to that of Rahman et al. 48 Observers performed the manual analysis twice on the optimum averaged OCT scans of 5 randomly selected subjects (5 right and 5 left eyes) and were masked to the refractive error of the eye, and the RT and ChT values obtained from the first analysis of the OCT image. For each observer, the mean intraobserver difference (measurement 1 À measurement 2) and the standard deviation were calculated for each of the retinal locations. A two-tailed paired t-test was used to assess the statistical significance of the difference between measurements 1 and 2, and Pearson's correlation coefficient was used to describe the intraobserver agreement for the pairs of measurements.
Statistical Analysis
Paired t-tests were used to assess the interocular difference between the fellow eyes for measurements obtained from the Lenstar (Lenstar LS 900; Haag Streit AG), and Pearson's correlation was used to calculate the degree and statistical significance of associations between variables where appropriate. For the RT and ChT data obtained from the OCT, a repeated measures ANOVA was performed to examine the between eye differences of RT and ChT (a within subject factor of more/less myopic eye to retain the paired nature of the fellow eyes) with respect to retinal location (a within subject factor of eccentricity) when including all subjects. A repeated measures ANOVA (within subject factors of eye and eccentricity) also was performed after the removal of the one Indian subject, to examine the influence of ethnicity (Asian compared to Caucasian eyes, a between subject factor). A Bonferroni adjustment for multiple comparisons was applied to all post hoc pairwise comparisons.
RESULTS
The characteristics of the more and less myopic eyes of the anisometropic subjects are summarized in Table 1 . VCD and AXL were significantly longer in the more myopic eye (VCD 17.77 6 0.62 mm and AXL 25.11 6 0.73 mm) compared to the fellow less myopic eye (VCD 17.23 6 0.70 mm and AXL 24.53 6 0.89 mm, both P < 0.001). The interocular differences in VCD (n ¼ 19, r ¼ À0.89) and AXL (n ¼ 22, r ¼ À0.90) were highly correlated with the magnitude of SER anisometropia (both P < 0.0001).
Interobserver and Intraobserver Agreement
Estimates of RT and ChT from the two independent observers correlated closely, with correlation coefficients ranging from 0.89 to 0.98 for RT and 0.87 to 0.97 for ChT for each of the 0.25 mm horizontal locations assessed. Measures of foveal RT and subfoveal ChT showed the greatest correlation between the two observers (r ¼ 0.99 and 0.97, respectively) and showed close agreement (mean interobserver difference: RT 1.3 6 2.2 lm, ChT 1.5 6 13.7 lm). There were no significant differences between the measurements obtained from the repeated analyses for both observers at all retinal locations measured for RT and ChT (paired t-test, P > 0.05). For foveal RT, the mean intraobserver difference was À0.43 6 3.27 lm for observer 1 (r ¼ 0.94) and À0.68 6 2.54 lm for observer 2 (r ¼ 0.93). For subfoveal ChT, the mean intraobserver difference was À0.71 6 5.52 lm for observer 1 (r ¼ 0.99) and À0.14 6 9.47 lm for observer 2 (r ¼ 0.98). For all retinal locations, the average intraobserver standard deviation was 3.29 lm for RT and 7.38 lm for ChT, while intraobserver correlations ranged from 0.83 to 0.99 for RT and 0.94 to 0.99 for ChT.
Retinal Thickness
There were no significant differences between the more and less myopic eyes for measures of RT at any of the retinal locations measured when including all subjects in the analysis (repeated measures ANOVA, between eye P ¼ 0.65 and eye by eccentricity P ¼ 0.45). Figure 2A highlights the symmetry between fellow eyes for RT at the fovea, and up to 2.25 mm nasal and temporal to the fovea. There were no significant differences between the fellow eyes for measures of foveal pit depth (more myopic 123 6 20 lm and less myopic 126 6 20 lm, P ¼ 0.66) or diameter (more myopic 2253 6 260 lm and less myopic 2267 6 208 lm, P ¼ 0.67).
Choroidal Thickness
Choroidal thickness was significantly thinner in the more myopic eyes over a range of eccentricities (repeated measures ANOVA, eye by eccentricity P ¼ 0.01). The interocular difference was greatest at the fovea (more myopic eyes 253 6 46 lm and less myopic eyes 286 6 59 lm, P ¼ 0.002), and was statistically different between the fellow eyes from 0.25 mm temporal to 0.75 mm nasal to the fovea (Fig. 3A) . The interocular difference in subfoveal ChT was moderately correlated with the degree of axial anisometropia (r ¼ À0.50, P ¼ 0.02) and the interocular difference in VCD (r ¼À0.72, P ¼ 0.0005, Table 2 ). When the degree of axial anisometropia exceeded approximately 0.5 mm (~1.5 D SER) the more myopic eye always had a thinner subfoveal ChT compared to the fellow eye (range, 25-100 lm thinner). When the interocular AXL difference was less than 0.5 mm, the interocular subfoveal ChT difference ranged from approximately 20 lm thinner to 40 lm thicker in the more myopic eye.
Ethnicity
Ethnic differences were observed in the RT (repeated measures AVOVA, ethnicity by eccentricity P ¼ 0.005, Figs. 2B, 2C) and ChT (repeated measures AVOVA, ethnicity by eccentricity P ¼ 0.008) profiles (Figs. 3B, 3C ). The mean SER anisometropia (and interocular AXL difference) was 1.43 6 0.50 D (0.42 6 0.21 mm) and 2.09 6 1.18 D (0.77 6 0.47 mm) for the Caucasian and Asian subjects, respectively (Table 1) . For the Caucasian anisometropes no significant between eye differences in RT were observed at any retinal locations measured. Asian eyes, however, had a slightly thicker mean RT in the more myopic eyes at the fovea (more myopic 213 6 20 lm, less myopic 209 6 19 lm) and 0.25 mm nasal to the fovea (more myopic 240 6 20 lm, less myopic 235 6 21 lm, P ¼ 0.01 and P ¼ 0.02, respectively). However, the more myopic SER, CCT, ACD, LT, VCD, and AXL presented as mean 6 SD. Interocular difference and anisometropia calculated as more À less myopic eye. Note: for LT and VCD measurements, all subjects n ¼ 19, Asian subjects n ¼ 10, Caucasian subjects n ¼ 8. eyes displayed a slightly thicker RT (5 lm) 0.50 mm temporal to the fovea (P ¼ 0.04). Apart from these retinal locations, Asian eyes displayed similar RT between the fellow eyes. Ethnic differences in RT profile are highlighted in Figures 2B and 2C. Asian eyes displayed significantly thinner parafoveal (250-750 lm nasal and temporal from the fovea) RT compared to Caucasian eyes (i.e., a deeper and wider foveal pit). Foveal pit depth was not significantly different between the Asian (more myopic 126 6 22 lm, less myopic 131 6 21 lm) and Caucasian (more myopic 121 6 20 lm, less myopic 122 6 19 lm) anisometropes, but the foveal pit diameter was significantly greater in the more and less myopic eyes of the Asian anisometropes compared to the Caucasians (more myopic 2422 6 221 lm and 2079 6 184 lm, P ¼ 0.001, less myopic 2430 6 208 lm and 2094 6 258 lm, P ¼ 0.004).
Although the Asian and Caucasian subgroups had similar AXL for the more and less myopic eyes (Table 1) , on average the Asian eyes had thicker choroids compared to Caucasian eyes, most noticeably in the region nasal to the fovea (repeated measures AVOVA, ethnicity by eccentricity P ¼ 0.008, Figs. 3B, 3C). The more myopic eyes of the Asian cohort had a significantly thicker ChT (range, 44-63 lm thicker) from 1 to 2.25 mm nasal to the fovea, compared to the more myopic eyes of the Caucasians (P < 0.05). Similarly, the ChT of the less myopic eyes of the Asian subjects was significantly thicker than the less myopic eyes of the Caucasians (range, 68-81 lm thicker) from the fovea extending to 2.25 mm nasal to the fovea (P 0.01).
Caucasian subjects displayed a high degree of ChT symmetry between the more and less myopic eyes at all of the retinal locations measured (interocular difference in ChT ranging from 37 lm thicker to 20 lm thinner in the more myopic eye), except for 2.25 mm temporal to the fovea where the choroid of the less myopic eye was significantly thinner (P ¼ 0.04, Fig. 3C ). Conversely, Asian subjects displayed a significantly thinner ChT in the more myopic eye over a larger range of retinal locations, extending from 1 mm temporal to the fovea to 1 mm nasal of the fovea (Fig. 3B) . Therefore, the interocular differences observed in the analysis including all anisometropic subjects primarily was due to the interocular ChT asymmetry in the Asian subjects.
In the Asian anisometropes, the interocular difference in ChT was relatively symmetrical at corresponding nasal and temporal locations (e.g., 1000 lm nasal vs. 1000 lm temporal) compared to the Caucasian subjects (Figs. 3B, 3C ). Figure 4 highlights the degree of symmetry for the interocular difference in ChT at corresponding nasal and temporal locations for the two ethnic groups. The slope of the Caucasian data (À2.25), determined using simple linear regression, was significantly different from a slope of 1 (i.e., slope of 1 would indicate a perfect symmetry in the interocular difference in ChT between corresponding nasal and temporal locations, P ¼ 0.02), while the Asian data (slope of 1.28) was not significantly different from a slope of 1 (P ¼ 0.30).
DISCUSSION
In our study we used the refractive condition of anisometropia to control for potential confounding variables (e.g., age, sex, diurnal variation) to examine the relation between RT and ChT, and the magnitude of refractive error and AXL. Anisometropic subjects displayed highly symmetric anterior segment parameters between the fellow eyes (Table 1) , including CCT, ACD, and LT, which is consistent with previous studies that have reported that asymmetric axial elongation of the vitreous chamber is the primary cause of myopic anisometropia in populations with and without ocular abnormalities (i.e., pathology and amblyopia).
28,29,49-52

Retinal Thickness
A high degree of foveal RT symmetry between fellow eyes has been observed in pediatric 53 (mean interocular difference approximately 1 lm) and adult 54 populations (mean interocular difference 3.5 6 14.5 lm), and also up to 3 mm parafoveally. 20 However, none of these studies reported in detail on the refractive status of the populations examined. It has been suggested that functional differences observed between amblyopic and fellow nonamblyopic eyes also may manifest as a structural interocular asymmetry at a lower level of the visual pathway (e.g., the RNFL). Consequently, several studies have compared the interocular symmetry of peripapillary and macular retinal thickness between the fellow eyes of amblyopic anisometropes, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] with conflicting results, but few studies have examined the between eye difference in nonamblyopic anisometropes. 30, 40 We observed no significant difference in RT between the fellow eyes of nonamblyopic myopic anisometropes at the fovea or retinal locations up to 2.25 mm nasal and temporal to the foveal center (mean foveal interocular difference 2 lm). There was no correlation between the interocular difference in VCD, AXL, or SER and the interocular difference in RT (all P > 0.05, Table 2 ).
Yen et al. found no significant difference in peripapillary RNFL thickness between the fellow eyes of myopic anisometropes (mean interocular difference 0.4 6 0.8 lm, mean SER anisometropia 3.1 D). 40 Similarly, Al-Haddad et al. also only observed a small difference between the fellow eyes of nonamblyopic anisometropes for central macular thickness 30 Based on the spread (standard deviation) of the SER, the cohort reported by Al-Haddad et al. may have contained hyperopic and myopic anisometropes. 30 Our findings suggested that there is a high degree of interocular symmetry for measures of foveal and parafoveal RT in relatively low levels of myopic anisometropia. However, in larger magnitude cases of myopic anisometropia in which the more myopic eye is likely to have undergone more substantial structural change (excessive axial elongation), interocular differences in RT may be more apparent. 55 Examination of the Asian anisometropic subjects separately revealed a significantly greater RT in the more myopic eye at the fovea and 0.25 mm nasally (4 and 5 lm thicker, respectively), while the Caucasian subjects showed no interocular difference in RT at any of the retinal locations measured. Ethnic differences in RT profile, primarily foveal pit diameter, were observed in the more and less myopic eyes. Asian eyes typically had wider and deeper foveal pits compared to Caucasian eyes (i.e., Caucasians had a thicker foveal RT, which increased at a faster rate with increasing horizontal eccentricity), but the ethnic difference only reached statistical significance for foveal pit diameter. Similarly, Wagner-Schuman et al. observed wider and deeper foveal pits in AfricanAmericans compared to Caucasians. 20 In general, the ethnic trend observed in our subjects for measures of RT was similar to the findings of Nolan et al., who compared the retinal profile in Caucasians and non-Caucasians, but failed to account for the influence of AXL upon transverse magnification. 19 
Choroidal Thickness
The subfoveal choroid was significantly thinner in the more myopic eye of anisometropic subjects compared to the fellow less myopic eye. The interocular difference in subfoveal ChT correlated with the interocular difference in AXL and the interocular difference in VCD. Chen et al. examined the rightleft eye symmetry of ChT in a population of predominantly isometropic adults (mean axial anisometropia 0.17 6 0.27 mm; range, 0-1.57 mm). 56 ChT was similar between fellow eyes (mean relative subfoveal interocular difference 1.0 6 42 lm [right À left eye]). Greater interocular differences in ChT were observed at more peripheral locations 3 mm parafoveally (nasal 13.6 6 43 lm, temporal À2.9 6 61 lm). Similar to our findings, they observed a moderate negative correlation between the interocular difference in subfoveal ChT and the interocular difference in AXL. However, they attributed this relationship to two extreme outliers in the data set (i.e., anisometropes). Spaide et al. also examined the interocular symmetry of ChT in a small adult cohort with subfoveal ChT moderately correlated between the fellow eyes (r ¼ 0.82); however, the refractive error and AXL were not reported. 57 While to our knowledge no studies have measured ChT directly in anisometropic eyes, the interocular symmetry of measurements associated with choroidal blood flow has been investigated. Shih et al. measured the ocular pulse amplitude (OPA) in anisometropic subjects, and when the magnitude of anisometropia was greater than 3 D, there was a small but significant interocular difference in OPA. 58 Similarly, Lam et al. measured the OPA and pulsatile ocular blood flow (POBF) in axial anisometropes (>2.0 D SER anisometropia), and found these measures were significantly lower in the more myopic eye. 59 These studies suggest that increasing myopia or AXL is associated with reduced choroidal blood flow, and that interocular differences can be detected between anisometropic eyes. 58, 59 However, OPA and POBF may be influenced by artefacts associated with various factors, including AXL 60 and IOP, 61 and are considered estimates of choroidal blood flow circulation rather than a direct measure of ChT. Our finding of reduced ChT in the more myopic eyes of anisometropes using high resolution SD-OCT is consistent with the predictions of choroidal thickness from these previous studies.
The primary role of the choroid is nourishment and thermoregulation of the retina; however, it also is thought to have a role in emmetropization and refractive error development in animals and humans. 62 It is well established that a variety of young animal species undergo rapid changes in choroidal thickness in response to imposed defocus (via spectacles or contact lenses), which in turn adjusts the position of the retina to maintain clear vision. Given the cross-sectional nature of our study, we cannot be sure if the relative thinning of the choroid in the more myopic eye of our anisometropic subjects is a cause or consequence of asymmetric refractive development; that is, whether the choroid of the more myopic eye has passively thinned (relative to the less myopic eye) due to expansion of the vitreous chamber during myopia development or if the choroid has thinned asymmetrically in response to different optical signals between the eyes to move the retina to optimize retinal image quality for each eye independently.
Using the approach described by Troilo et al., 63 we modeled the choroid as an isovolumetric shell of a sphere to calculate the expected interocular difference in subfoveal ChT due to a simple passive stretch associated with expansion of the globe. By using the mean AXL of the more and less myopic eyes, and the mean subfoveal ChT of the less myopic eyes, we calculated the predicted ChT of the more myopic eye (assuming a constant choroidal volume). Based on these calculations we found that the predicted interocular difference in subfoveal ChT accounted for only approximately 40% of the measured interocular difference in ChT for all anisometropes (predicted 13 lm, observed 33 lm), Asian anisometropes (predicted 18 lm, observed 48 lm), and Caucasian anisometropes (predicted 8 lm, observed 21 lm). While this analysis makes a number of assumptions (e.g., a spherical globe with equal expansion in all directions), this finding suggests that the interocular differences in ChT between the fellow eyes of anisometropes are not fully accounted for by a simple passive stretch associated with the interocular difference in eye size alone.
Read et al. imposed short-term (60 minutes) monocular diffuse blur and hyperopic defocus (3 D) in adult humans, and observed compensatory axial elongation associated with choroidal thinning in the defocused eye. 6 They proposed that chronic, low level hyperopic blur or degradation in retinal image quality may promote short-term changes in ChT and longer term changes in AXL, resulting in myopia development. If the difference in the ChT between the fellow eyes of anisometropes is the result of an active response to different visual inputs, then one might expect to find significant differences in the optical characteristics between the more and less myopic eyes. However, contrary to this expectation, several cross-sectional studies of myopic anisometropes have shown similar levels of higher order aberrations between fellow eyes 51, 64 or better optical quality in the more myopic eye. 65 The ciliary muscle transmits tension to the choroid during accommodation, 66 and this has been proposed as a possible mechanical stimulus contributing to myopia development. Since ciliary body thickness is greater in myopic compared to nonmyopic children 67 and increases with increasing AXL in adults, 68 it has been hypothesized that a thickened, poorly contracting ciliary muscle could lead to accommodative dysfunction and a lag of accommodation (i.e., hyperopic retinal defocus during near work), which subsequently stimulates axial elongation and choroidal thinning. In the case of anisometropia, this would require an asymmetry in ciliary body thickness or function to produce unequal hyperopic blur between the eyes, given the assumed consensual nature of accommodation. Muftuoglu et al. examined ciliary body thickness in unilateral high myopic anisometropes (mean anisometropia approximately 8 D), and observed significant ciliary body thickening in the more myopic eye compared to the fellow near emmetropic eye. 69 However, the interocular difference in ciliary body biometrics did not correlate with the degree of anisometropia. Alternatively, a thicker ciliary muscle potentially could act as a restrictive force, which accentuates axial elongation of the globe (rather than eye growth in all directions), resulting in choroidal thinning posteriorly in the more myopic eye. 67 In the more and less myopic eyes, the choroid was thinnest in the nasal region and thickest in the foveal-temporal region, which is in general agreement with previous studies examining ChT in healthy eyes. 11, 12, 56, 57 It has been suggested that this region of thinner choroid nasal to the fovea (i.e., between the fovea and optic nerve) is most susceptible to change during myopia development. A temporal crescent adjacent to the optic nerve head (peripapillary atrophy) is often seen in myopic patients and is thought to be chorioretinal stretching during axial elongation exposing the underlying sclera. 70 The magnitude of myopia progression in young Korean children has been shown to correlate with changes in the optic nerve head and an increase in temporal peripapillary atrophy. 71 However, in our anisometropic subjects, while the interocular difference in ChT varied with eccentricity, the largest interocular differences were at the fovea and within 1 mm parafoveally, not in the region closest to the temporal aspect of the optic nerve head (nasal to the fovea).
Singh et al. used magnetic resonance imaging to measure ocular volume and AXL, and characterize the 3-D shape of the globe in a small group of subjects. 72 They observed a large variation in globe shape (sphericity) between subjects and regional asymmetries within subjects (i.e., nasal and temporal). While ChT was not measured, they postulated that ocular volume and regional variations in the posterior segment contour may influence choroidal blood flow. The interocular differences in subfoveal and parafoveal ChT observed in our study could be explained potentially by regional variations in vitreous chamber expansion (i.e., axial but not transverse expansion) during myopia development.
Interestingly, we observed significant interocular differences in ChT profiles of Asian anisometropes, while Caucasians showed little difference in ChT between the fellow eyes. To date, the influence of ethnicity upon ChT remains unclear. Mwanza et al. found no significant difference in ChT between Caucasian, African, Hispanic, and Asian subjects: however, this analysis only included two subjects of Asian descent. 13 Branchini et al. observed a similar trend, but was limited to five Asian participants. 14 Logan et al. used peripheral refraction data to calculate the posterior retinal contour in Asian and Caucasian myopic anisometropes (mean interocular AXL difference 1.39 mm). 29 Caucasians exhibited a nasal-temporal asymmetry in the posterior retinal contour difference between the fellow eyes (i.e., the interocular difference in AXL was greater nasally compared to temporally). However, in Asian anisometropes, the interocular difference in AXL was similar between corresponding nasal and temporal locations. Our ChT results are consistent with these earlier findings, since we observed relatively symmetrical interocular differences in ChT at corresponding nasal and temporal locations in Asians, while in Caucasians the choroidal thinning in the more myopic eye was restricted to a region nasal to the fovea, although this difference did not reach statistical significance. There are various speculative hypotheses that could explain such ethnic differences in interocular ChT profiles observed between Asian and Caucasian eyes, such as differences in scleral composition, anatomic differences driving the direction of globe expansion during refractive development, or asymmetries in the optics relative to the line of sight.
In our cohort of myopic anisometropes, both eyes within the one visual system had undergone abnormal emmetropization to different extents. While this approach of examining fellow myopic eyes is not an ideal contralateral ''test-control'' experiment, it allows a highly controlled, relative comparison within the spectrum of myopic refractive errors. Examination of unilateral myopic anisometropes (i.e., when one eye is emmetropic and the fellow eye myopic) may provide further insight into structural differences between myopic and emmetropic eyes, or mechanisms involved in the regulation of eye growth. In addition to the body of work conducted on various animal species, our study has identified that adult human myopic anisometropes (in particular, Asian anisometropes) also exhibit interocular differences in choroidal thickness proportional to the interocular difference in AXL. Further longitudinal research during the period of myopia development examining the association between eye shape, central and peripheral ChT, and retinal image quality is required to determine the causal nature of this relationship.
CONCLUSIONS
To our knowledge, this is the first study to measure ChT directly in a population of nonamblyopic myopic anisometropes. We observed only small differences in RT between the fellow eyes; however, subfoveal and nasal parafoveal ChT was significantly thinner in the more myopic (longer) eye of our anisometropic cohort. The interocular difference in subfoveal ChT correlated with the magnitude of axial anisometropia and the interocular difference in VCD. Asian eyes exhibited small but significant differences in RT (wider and deeper foveal pits) and ChT (more symmetric interocular differences in ChT at corresponding nasal and temporal locations) profiles compared to Caucasian eyes. These findings highlight that relatively low degrees of asymmetric myopia development in the absence of amblyopia are associated with asymmetric choroidal thinning. Future studies to determine accurately peripheral AXL in anisometropic eyes, and investigate the causality of the relationship between ChT and vitreous chamber elongation will help to improve the understanding of these factors in relation to myopia development.
